Abstract. The effect of stent design parameters such as porosity, pore density, number of strands, and strut angle to the artery were studied in vitro using particle image velocimetry (PIV). Five mesh stents were implanted into a sidewall aneurysm model. The flow features in a sidewall aneurysm silicone phantom model were investigated at a Reynolds number of 300. It was found that the lowest porosity stent had the best value for velocity and vorticity reduction in an aneurysm pocket. The stent with higher pore density had a tendency to decrease the mean and maximum velocities, but it was not superior to the effects of porosity. In addition, investigation of the evaluation system confirmed that higher stent strut angles to the parent artery had a tendency to lower mean velocity, as shown by PIV and CFD. However, this effect was relatively smaller compared to porosity and pore density. Our evaluation system suggested the best combinations of parameters for the development of an ideal stent would be lower porosity, higher pore density, and higher strut angle. The results obtained in this study indicated that our evaluation system could be useful for various purposes related to evaluation of endovascular interventional devices.
Introduction
A cerebral aneurysm refers to a cerebrovascular pathological abnormality, which occurs commonly near the end of a vascular bifurcation and looks like a pocket [1] . An intravascular treatment using the catheter for stent insertion has proven to be useful for aneurysm treatment as a minimally invasive treatment technique [2] [3] [4] . However, the mechanical properties of a stent for cerebral aneurysm treatment depend on superior deliverability, which is an important determinant and is also a final determining factor of clinical usefulness. Physicians need to be aware of the differences in model-specific stent movements for optimal clinical results [5] . Particle Image Velocimetry (PIV) using different stents in the same blood flow conditions was used to demonstrate the effectiveness of medical device for these intravascular treatments. PIV is an optical method of flow visualization. It is used to examine the related properties of the fluid and instantaneous velocity measurements.
Hemodynamic studies for blood flow patterns using PIV in states of steady flow and pulsatile flow with a stent and no stent win an aneurysm phantom model were performed [6, 7] . Previous researchers have sought to understand the hemodynamics, but a full understanding has not been reached because the hemodynamics is influenced by aneurysm placement and expansion. Nevertheless, previous researchers considered that rapid blood flow velocity and shear stress on the aneurysm wall will be able to create a hemodynamic atmosphere for rupture and injury of a blood vessel.
Various strategies have been studied on the basis of a mesh type stent [8] [9] [10] [11] . A mesh type stent reduced the wall shear stress on the aneurysm wall, and it was reported that high shear stress on the stent surface was represented in ideal and patient-specific aneurysm models. However, in most previous studies, the subject of mesh type stent design (i.e., based on the variable stent design), did not include a variable hemodynamic evaluation.
The purpose of this study was to evaluate hemodynamic changes based on stent design variables, such as porosity, pore density, number of strands, and stent strut shape, and then develop an estimating system for stents using PIV.
Experimental methods

Structure of stent and silicone sidewall aneurysm phantom model
Five mesh stents (TaeWoong Medical Co., Ltd., Korea) were tested in this study. The porosity ranges of the stents were 100%, 80%, 74%, 71% and 64 %. Table 1 shows the detail dimensions. The stents all had different design parameters, i.e., porosity, pore density, number of strands, and stent strut shape. The stents consisted basically of a mesh-work of rhombus-shape openings, as shown in Figures  1(a) and 1(b) . Figures 1(b) and 1(c) also show scanning electron microscope (SEM) images of the stents, to provide an easy understanding of the structure of stents used in this experiment.
In this study, steady flow conditions were forced on a rigid model. We chose the simple sidewall aneurysm model, since this geometry of aneurysm is one of the simplest ones, and it provides better realization of the flow conditions of the poiseuille in this experiment. This is very important, because it would be difficult to evaluate the stent efficiency with real flow conditions using aneurysm models with a different geometry. Figures 1(d) and 1(e) show the silicone sidewall aneurysm phantom model. 
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Discussion
We describe the characteristics of our newly developed evaluation system. We found that several parameters affected the behavior of flow reduction. Performance analyses with and without stents were conducted using experimental and computational simulations. As a result of fundamental experiments and computer simulations, it was found that stent can be hidden in a sidewall aneurysm [15] . Wakhloo et al. [16] performed a visualization of flow to investigate the effect of stent porosity in terms of changes in flow pattern in the aneurysm using laser-induced fluorescence with a rhodamine dye. However, almost all previous studies failed to clarify the design problem of mesh-type stents: i.e., evaluating changes in hemodynamics based on variable stent design. The current study addresses this.
We developed a system for stent estimation by evaluating the changes in hemodynamics based on the stent design variables, such as new mesh-type stents and porosity, pore density, the number of strands, and stent strut form in this research. Hemodynamic characteristics of the aneurysm were assessed using PIV. The geometry of a sidewall aneurysm was selected for the system. This geometric structure is one of the simplest, but it provides a good realization of the Poiseuille flow conditions of viscosity. This is important because stent efficiency in a state of real flow is difficult to evaluate using an aneurysm model with different geometric structures.
As shown in Figure 7 , a silicone aneurysm phantom model with no stent shows the recirculation vortex of the aneurysm; the center is located near the distal cervical region. Decreased flow and flow velocity in the aneurysm pocket were observed when inserting a stent with low porosity. The velocity was reduced by up to 98% due to the low porosity. However, the one factor of porosity was insufficient to fully describe the impact of the stent. To overcome these problems, we also evaluated the velocity reduction due to the mesh stent design, by analyzing the pore density, number of strands, and stent strut angle to the parent artery. Stents with a higher pore density and number of strands had a similar tendency, to decrease the mean and maximum velocities in the aneurysm pocket.
Porosity was found to be a major factor. The stent with the lowest porosity (64%) demonstrated the most effective reduction in the mean and maximum velocities, being even more effective than the stent with the highest pore density (158 picks per inch). It was also observed that a higher number of strands in the stent affected the mean and maximum velocity reduction. Finally, higher stent strut angles to the parent artery showed a tendency to lower the mean velocity in PIV and CFD.
Conclusion
We evaluated our new system in terms of several parameters. The effectiveness of the stent was determined by evaluating changes in hemodynamics based on stent design parameters, such as porosity, pore density, number of strands, and stent strut shape.
Our evaluation system suggested that the best combination of parameters for the development of an ideal stent would be lower porosity, higher pore density, and higher strut angle. The results obtained in this study indicated that our evaluation system may be useful for various purposes related to the evaluation of endovascular interventional devices.
